The precise wiring of the nervous system is made possible by a complex navigation map created by attractive and repulsive biochemical cues, which guide the axons to their final targets. In order to unravel the mechanisms directing the growth and guidance of axons, we have designed an open-chamber mammalian-neuron-benign microfluidic platform that allows us to subject dissociated single neurons in culture to stable, precise gradients of diffusible biochemical cues, with negligible shear stress on the cells. We demonstrate (for the first time) the evidence of a directed response of dissociated mammalian neurons in vitro to a diffusible gradient of netrin.
INTRODUCTION
A large number of extra-cellular molecules have been discovered in the nervous system in the past two decades, which act in concert, on the axonal growth cone in a contact-dependent manner or via secreted factors, to control the rate and direction of its outgrowth.
The current experimental paradigm, that elicits axon guidance in vitro by using as the source of the gradient a pipette [1] , transfected cells, or a loaded gel, produces time-varying qualitative gradients of poor reproducibility and is not well suited for studying slow-growing mammalian cells. Recent advances in microfluidic devices have been able to generate stable, complex gradients of diffusible molecules [2] ; however, despite huge research efforts, there have been no reports of mammalian neurons responding to a neurite outgrowth signaling gradient in a microfluidic environment, most likely due to significantreduction in cell viability as the assay becomes longer due to flow-induced shear stress.
In this paper, we characterize the gradient generating ability of an open-chamber microfluidic device and demonstrate the response of dissociated mouse embryonic neurons cultured in the device, to a gradient of a diffusible molecule, netrin. A more quantitative approach to expose dissociated neurons to biomolecular gradients and measure their responses reliably (as enabled by microfluidic technology) will produce a new set of measurements that will, in turn, enable the neurobiology community at large to posit fresh hypotheses on the inner mechanisms of axon guidance.
DEVICE SCHEMATIC AND FABRICATION
In order to overcome the cell-viability complications associated with exposing cells to flow and trapping them in closed microenvironments, we have recently developed a device that generates gradients of diffusible molecules in an open reservoir with negligible flow [3] . As with other gradient generators, cell responses and gradient formation can be tracked easily with an optical microscope due to the optical clarity of the device and the fact that cells are cultured on the same focal plane. Briefly, the device is fabricated in the biocompatible elastomer poly(dimethyl siloxane) (PDMS) using a previous technique developed in our lab for contact-transferring thin PDMS microstructures. The device contains an open reservoir 66 µm-deep and 200 (or 500) µm-wide. Two 45 µm-tall and 100 µm-wide microchannels serve as sink and source to deliver fluids to two arrays of 25 µm-long, 10µm × 1.5µm microchannels (that we term "microjets") on either side of the reservoir. Pressurization of the source and sink causes fluid to be ejected (~40-150 pL/min) at the microjet locations. By constantly replenishing the microjet outlets, two constant concentration boundaries are established in the cell culture area; hence, a steady-state gradient forms at the surface level (even if the air-fluid interface never reaches equilibrium). Equilibration times (arbitrarily defined as reaching 95% of asymptote at the center point of the chamber) range between 2 and 5 minutes (a time interval negligible compared to detectable axon growth) depending on ejection pressures and are fastest at the surface level. 
GRADIENT GENERATION AND STABILITY
While there is some instability in the air-fluid interface, the problem is least pronounced at the cell culture surface level because of the no-slip condition at the fluid-surface interface. Moreover the gradient the cells sense is close to what is seen at the fluid surface interface. We have adapted an imaging protocol for regular epifluorescence microscope to visualize the surface concentration of fluorescent dyes in the micro-jets devices [4] . The protocol utilizes the light-absorption spectrum of Orange-G, which absorbs energy strongly at the excitation wavelength (490 nm) of the green-fluorescent dye (fluorescein), but weakly at its emission wavelength (540 nm). Orange-G therefore competes with fluorescein in solution for excitation energy; at 45 mM (with a 0.6 NA objective). From the Beer-Lambert law, the effective penetration length for fluorescein can be calculated to be approximately 4.9 µm. Fig. 2a shows an example of surface-level gradient profile of fluorescein in the micro-jets device; Fig. 2b shows the line-scan measurements of fluorescence intensity across the cell culture reservoir over time. The similarity of the lines confirms that the surface gradient in the micro-jet devices can be kept stable (within 3-8%) for at least 4 hours.
SALIENT FEATURES OF THE DEVICE
Some of the salient features of the microjets that make them so effective are listed below:
First, the gradient is created on an open surface, which facilitates gas/pH equilibration, optimizing cell viability and reducing the risks associated with changing the cell culture media and incubator strategies that have been optimized for decades. This is particularly important because the neurons often need to be in the device for a couple of days before the gradient is initiated, so as to recover from the isolation procedure, or to grow, mature, differentiate, etc. as dictated by the experiment: with the microjets, the cells in the controls and in the gradients are, up to the moment of the experiment, in the same conditions as in the past experiments in the literature: covered by ~1 mm of Neurobasal medium, which in turn is covered (not by a PDMS surface but) by humidified, CO 2 -rich air (i.e. in a traditional commercially-available incubator).
Second, the device uses flow (convection) to deliver the gradient; therefore, the equilibration time is virtually independent of the molecular weight of the species (at least in the tested range of MW = 3-70 kDa, which is very convenient when adding tracers to the signaling molecule's solution (both gradients, the fluorescent and the invisible one, will be the same); since only very small amounts of molecules are actually needed to form a gradient, the flow required is minuscule (i.e. the exposure of cells to flow is negligible). We have modeled the flow and concentration with finite element modeling to demonstrate this point: the flow lines are directed mostly upwards as soon as they exit the microjets (Fig. 3) ; while we do not validate the flow model with flow velocity The height of the source and sink microchannels was 45 µm and the height of the microchannels forming the microjet arrays was 2.5 µm. The fluid height above the cell culture area was ~1 mm, yet the fluorescence intensity at the source microchannel is almost equal to that at the right end of reservoir, and both are less than twice of intensity at the microjet array, confirming that the fluorescence sampling height is <5 µm. As shown, the gradient remained stable (3-8%) for 4 hours. measurements, the concentration measurements validate the flow model indirectly by validating the concentration model very closely. From the flow velocity model we can extrapolate that shear stress is negligible over the wide majority of the device except in a narrow band ~5 µm next to the reservoir walls. Third, as long as the flow through each microjet is the same, the gradient is homogeneous across the chamber and there is no fundamental limit of chamber size. As a consequence, all cells at a given distance from the reservoir wall "see" the same gradient and concentration, yielding rich statistics in single-cell data. Fourth, the microjets device allows the user to dynamically and independently control the slope and position of the gradient to which a cell is exposed.
Finally, by altering the location and orientation of the microjets, more complex multi-gradient cell culture environments are possible.
AXONAL RESPONSE TO NETRIN GRADIENT
We have been able to culture primary cortical neurons from E14-E18 embryonic mice cortices in the micro-jets device for upto 2 weeks, without any perceptible adverse effects on cell-viability, thereby offering us a long timewindow of experimentation, so that we can introduce soluble gradients at a particular developmental stage, as well as study the long-term effects of the gradient on neuronal growth and guidance after its removal. In vivo, several studies have shown that the cortical neurons are exposed to netrin gradients between E12.5 and E16; as an approximate model, we subjected cortical neurons harvested from E14 mice, cultured in vitro for 2 days, to a gradient of netrin (200ng/ml over a distance of 500 µm) for 6 hours and then continued monitoring the neurons for another 12 hours. Fig. 4A and 4B shows the population view of the neurons at the beginning and the end of the experimental time period, respectively. Out of a total of 113 neurons, only a small percentage of neurons (~10%) grew appreciably during our experimental time window: 11 neurons had axons that grew longer than 30 µm (which is approximately three times the diameter of the soma of a typical cortical neuron) during this experimental time window. The small percentage of responsive neurons may have been due to a variety of reasons (low viability, the time window for netrin responsiveness may be altered by dissociation, etc). Nevertheless, of these 11 neurons, ~73% (8 neurons) had axons growing towards the direction of the netrin gradient, as determined from the final position of the axon-tip relative to the gradient direction. Fig. 4C plots the trajectories of all the neurons that had axons growing more than 30 µm -the x-axis represents the direction of the netrin gradient and the origin represents the tip of the axon of individual neurons at the start of netrin application. 
CONCLUSION
We have demonstrated the use of a versatile microfluidic gradient-generating "micro-jets" device to study the response of dissociated mammalian primary neurons to a stable gradient of a diffusible axon guidance factor, netrin, observed over 18 hours.
We believe that the neuron-benign nature of the device makes it attractive for its use in many morphogen driven cell-biological processes, including differentiation of stem cells into neurons and other cell types, a process very tightly regulated by the spatiotemporal gradients of morphogens. The micro-jets device can also be used to study cell migration and chemotaxis, without having to subject the cells to any forces that would otherwise bias the migration path and confound the results. The userfriendliness and cell-benign nature of this device offers the biological research community a very versatile enabling platform to conduct an array of studies that require the activation of cells in the presence of a known chemokine gradient, i.e. cell differentiation in response to morphogen gradients, cell migration in cancer, wound repair or immune response, among other phenomena.
